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Chloroquine decreases cell-surface expression of tumour necrosis factor

receptors in human histiocytic U-937 cells
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SUMMARY

Proinflammatory cytokine tumour necrosis factor (TNF) mediates its diverse effects through
cell surface receptors. A variety of inflammatory signals are known to modulate TNF
activities by changing expression and shedding of cell-surface TNF receptors. We have
examined the effects of anti-rheumatic drug chloroquine on the expression of cell surface and
soluble TNF receptors in human histiocytic U-937 cells. Chloroquine partially reduced
production of soluble p55 and p75 TNF receptors in cells stimulated with phorbol
12-myristate 13-acetate (PMA). In these cells, induction of both TNF receptor mRNA was
not changed and the levels of cell-associated TNF receptors were rather increased by
chloroquine. Flow cytometric analysis revealed that chloroquine does not inhibit the PMA-
triggered shedding of TNF receptors from cell surface, while it was suppressed by a
metalloproteinase inhibitor BB-3103. Treatment of U-937 cells with chloroquine significantly
reduced the level of cell surface TNF receptors and a similar effect was observed with human
peripheral blood monocytes. Other weak-base amines, including hydroxychloroquine,
ammonium chloride and methylamine, also induced reduction of cell surface TNF receptors,
whereas lysosomal proteinase inhibitor, leupeptin, and BB-3013 were without effect.
Our results suggest that chloroquine down-regulates cell surface TNF receptors by retarding
their transport to the cell surface, while cleavage of cell surface receptors is not inhibited by

chloroquine.

INTRODUCTION

Tumour necrosis factor (TNF) is a pleiotropic cytokine that
plays a critical role in immune and inflammatory responses.'
Overproduction of TNF has been implicated in a number of
pathological conditions, including septic shock, rheumatoid
arthritis, Crohn’s disease, cerebral malaria, and multiple
sclerosis, through the induction of other proinflammatory
cytokines and cell adhesion molecules.”®

TNF mediates its diverse effects through cell surface
receptors. Two different types of TNF receptors (TNF-R),
p55 and p75, have been identified as members of TNF-R
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superfamily.”® The p55 TNF-R is expressed ubiquitously
on the surface of most cell types, while the p75 TNF-R is
expressed primarily in haematopoietic cells and endothelial
cells.! The extracellular regions of both TNF-R contain four
common cysteine-rich domains and bind TNF with high
affinity.”® The cytoplasmic regions of p55 and p75 TNF-R
are quite distinct and transmit different but overlapping
signals. Both receptors were reported to induce activation
of nuclear factor (NF)-xB and to be involved in TNF-
mediated apoptosis."® Gene knockout studies indicated
that p55 TNF-R plays an essential role in mediating the
TNF signals in lethal endotoxaemia and in non-specific
immunity to infection, ' while p75 TNF-R suppresses TNF-
mediated inflammatory responses.'!

Diverse inflammatory stimuli such as phorbol 12-
myristate 13-acetate (PMA), lipopolysaccharide (LPS) and
TNF itself, induce the shedding TNF-R from the surface,
generating soluble TNF-R.'>"'* The proteases responsible
for the cleavage of TNF-R have not yet been identified,
but matrix metalloproteinase (MMP) inhibitors blocked
the shedding of both p55 and p75 TNF-R, and resulted
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in retention of these molecules on the cell surface.'>!®

The TNF-o-converting enzyme (TACE), which cleaves
membrane-bound pro-TNF to release mature soluble
form, has been implicated in the cell surface shedding of
p75 TNF-R."

Antimalarial drugs such as chloroquine and hydroxy-
chloroquine are known to have anti-inflammatory effects,
and have long been used in the treatment of rheumatoid
arthritis and lupus erythematosus.'®2° Some of the effects
of chloroquine in these diseases seem to appear through
inhibition of proinflammatory cytokine production, since
chloroquine was shown to block TNF and interleukin-6
(IL-6) synthesis in stimulated human monocytes and mouse
macrophages.> 2> In our previous study, chloroquine was
shown to inhibit LPS-induced TNF synthesis in mouse
macrophage RAW 264.7 cells, mainly by blocking conver-
sion of cell-associated pro-TNF to a soluble mature form,
rather than by inhibiting induction of TNF mRNA or
production of pro-TNF.?*

Here we examined the effect of chloroquine on the
synthesis and metabolism of TNF-R in human histiocytic
U-937 cells. In PMA-stimulated cells, chloroquine reduced
the level of soluble and cell surface TNF-R, while
cell-associated TNF-R was increased by chloroquine.
Chloroquine had no effect on the level of p55 and p75
TNF-R mRNA. Other lysosome-inhibitory weak-base
amines also reduced cell surface expression of TNF-R.
These results suggest that chloroquine down-regulates
cell surface TNF-R level by interfering with intracellular
trafficking of TNF-R mediated by a pH-sensitive cellular
process.

MATERIALS AND METHODS

Reagents and antibodies

Chloroquine (diphosphate salt), PMA, ammonium chlo-
ride, methylamine, leupeptin, monensin and brefeldin A
were purchased from Sigma Chemical Co. (St Louis,
MO). BB-3103 was kindly provided by British Biotech
Pharmaceuticals (Oxford, UK) and hydroxychloroquine
sulphate (IntaPort Company Inc., Ridgewood, NJ) was
a gift from Yuhan Industrial Co. (Seoul, South Korea).
Mouse monoclonal and goat polyclonal antibodies against
human p55 and p75 TNF-R, recombinant human soluble
p55 and p75 TNF-R were purchased from R & D Systems
(Minneapolis, MN).

Cell culture

U-937, a human histiocytic lymphoma cell line, was
obtained from the American Type Culture Collection
(Rockville, MD) and maintained in RPMI-1640 containing
10% FBS (HyClone, Logan, UT). Human peripheral blood
monocytes were prepared from the leucocyte concentrate by
Ficoll-hypaque density gradient centrifugation and adher-
ence to culture dishes in serum-free Dulbecco’s modified
Eagle’s minimal essential medium (DMEM).> The adher-
ent cells were recovered by scraping and resuspended in
RPMI-1640 containing 10% fetal bovine serum (FBS). Cells

were preincubated with chloroquine for 2 h before addi-
tion of PMA (10 ng/ml). After 24 hr, culture supernatants
were harvested and cells were washed with phosphate-
buffered saline (PBS) and lysed with buffer (pH 7-4)
containing 50 mm Tris-Cl, 0-5% Nonidet P-40 (NP-40),
0-15 M NaCl, 0-02% NaN3, and proteinase inhibitor cocktail
(Roche Molecular Biochemicals, Mannheim, Germany).
Cell viability was routinely measured by staining cells
with  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT).?

Enzyme-linked immunosorbent assay (ELISA)

Soluble p55 and p75 TNF-R in the culture supernatant
were measured by sandwich-type ELISA, using specific
monoclonal and polyclonal antibodies according to the
manufacturer’s instructions. The levels of cell-associated
proteins were determined by diluting the cell lysates with
PBS. Standard recombinant p55 and p75 TNF-R were also
diluted in PBS containing the same concentrations of
NP-40. The amounts of p55 and p75 TNF-R were converted
to a cell density of 1 x 10%ml. The detection limits for p55
and p75 TNF-R were 10 pg/ml, and 50 pg/ml, respectively.

Northern blot analysis

RNA was isolated from cells and analysed by Northern
blotting as described previously.>* Fifteen micrograms
of RNA samples were electrophoresed in an agarose
gel, transferred to nylon membrane, and hybridized
with digoxigenin (DIG)-labelled cDNA probes. Blots were
visualized by using anti-DIG antibody and chemilumi-
nescence detection (Roche Molecular Biochemicals).
Probes corresponding to the cytoplasmic regions of p55
TNF-R (amino acids 235-455) and p75 TNF-R (amino
acids 297-461), and that for B-actin and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) were obtained by
polymerase chain reaction (PCR) amplification of the
respective cDNA with DIG-11-dUTP. ¢cDNA clones of
pS5 TNF-R, p75 TNF-R, p-actin and GAPDH were
generated by reverse transcription (RT)-PCR with specific
primer sets and template RNA obtained from PMA-
and ionomycin-stimulated human T cells. PCR-amplified
cDNAs were cloned in pCR2.1 vector (Invitrogen,
Groningen, Netherlands). The primers for p55
TNF-R cDNA were CGCTACCAACGGTGGAAGTC-
CAAG and GCAAAGCGCCTCCTCGATGTCCTC;’ p75
TNF-R ¢cDNA GCCAAGGTGCCTCACTTGCCTGCC
and ACTGGGCTTCATCCCAGCATCAGG:® B-actin
¢cDNA GTGGGGCGCCCCAGGCACCA and CTC-
CTTAATGTCACGCACGATTTC;”” GAPDH c¢DNA
ACCACAGTCCATGCCATCAC and TCCACCACCCT-
GTTGCTGTA.*®

Flow cytometry

U-937 cells incubated with various agents were harvested
and incubated in PBS containing 2% rabbit serum, 1% BSA
and 0-1% NaNj on ice for 30 min Cell surface p55 and
p75 TNF-R were stained with specific goat polyclonal
antibodies (R & D Systems) for 30 min. As a control for the
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specificity of the antibodies, unstimulated cells were stained
with the same antibodies, preincubated with an excess
amount of recombinant soluble p55 or p75 TNF-R for
30 min, and used for background staining. Cells were
washed twice with PBS and stained with fluoroscein
isothiocyanate (FITC)-labelled F(ab’), fragments of rabbit
anti-goat immunoglobulin G (IgG; Jackson Immuno-
Research, West Grove, PA) on ice for 30 min. Cells were
washed again and fixed in 1% paraformaldehyde before
analysis with a flow cytometer (FACSorter, Becton
Dickinson, Mountain View, CA). Results were presented
as percentages of mean fluorescence intensity of tested
cells in comparison with that of unstimulated control
cells. Calculations are as follows: 100 x (mean fluore-
scence intensity of the tested cells—mean fluorescence
intensity of background staining)/(mean fluorescence inten-
sity of the unstimulated cells —mean fluorescence intensity
of background staining).

RESULTS

Chloroquine partially reduces PMA-induced production of
soluble TNF-R

In a preliminary experiment, we tested a number of human
cell lines for their cell surface levels of TNF-R and ability to
produce soluble receptors. U-937 cells were used for our
study because they express relatively high levels of both p55
and p75 TNF-R on the cell surface. U-937 cells continu-
ously shed their cell surface TNF-R into the medium in
small quantities and PMA accelerates TNF-R shedding. To
determine the effect of chloroquine on the release of soluble
TNF-R, U-937 cells were incubated with various concen-
trations of chloroquine for 2 hr and stimulated with PMA.
After 24 hr, the amount of soluble TNF-R in the culture
medium was measured by ELISA (Fig. 1). Chloroquine
reduced the levels of released soluble p55 and p75 TNF-R,
and significant decrease in soluble p55 and p75 TNF-R
was observed at 50 um and 75 um concentrations of chloro-
quine, respectively. However, the inhibition was not
complete even at 100 pum of chloroquine, and the levels of
soluble p55 and p75 TNF-R were 53% and 80% of those
of PMA-stimulated control cells. Cell viabilities were more
than 90% at 100 um of chloroquine.

Chloroquine does not inhibit synthesis of TNF-R

To test whether the inhibition of soluble TNF-R production
by chloroquine is caused by a decrease in TNF-R mRNA,
their levels were measured by Northern blot analysis (Fig. 2).
When cells were stimulated with PMA, p55 TNF-R mRNA
was increased up to 4 h and returned to the basal level at
16 hr, whereas p75 TNF-R mRNA was increased con-
tinuously up to 16 hr. Chloroquine treatment did not alter
the PMA-induced production of p55 and p75 TNF-R
mRNA.

Because chloroquine decreased the levels of soluble
TNF-R in the medium without decreasing their mRNA
levels, we measured the levels of cell-associated TNF-R
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Figure 1. The effect of chloroquine on the production of soluble
pS5 and p75 TNF-R (sTNF-R). U-937 cells were incubated with
the indicated amounts of chloroquine for 2 hr, and stimulated
with PMA (10 ng/ml) for 24 hr. The levels of p55 sTNF-R (a)
and p75 sTNF-R (b) released into the culture medium were
measured by ELISA. The statistical significance of differences
was determined by Student’s 7- test and results are expressed as
mean+SD (n=3). *P<0-05; **P<0-01.

after chloroquine treatment and compared with those of
untreated cells. After incubation in the presence or absence
of chloroquine, the cells were stimulated with PMA, and
the amounts of soluble TNF-R released into the culture
supernatant and cell-associated TNF-R in the cell lysate
were measured by ELISA (Fig. 3). As observed before in
Fig. 1, chloroquine partially inhibited PM A-induced release
of soluble p55 and p75 TNF-R (Fig. 3a, b). The level of cell-
associated p55 TNF-R in cells incubated with PMA for 24 h
was about 40% of resting cells (Fig. 3c). On the other hand,
the level of p75 TNF-R in PMA-treated cells was not
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Figure 2. Northern blot analysis of pS5 and p75 TNF-R mRNA
in PMA-induced cells. U-937 cells were stimulated with PMA
(10 ng/ml) for indicated times in the absence (lanes 2-5) or presence
(lanes 6-9) of chloroquine (100 um) and RNA was isolated. Fifteen
micrograms of total RNA was used for Northern blot analysis.
The mRNAs for p55 TNF-R, p75 TNF-R and f-actin were
visualized by hybridization with DIG-labelled cDNA probes and
chemiluminescence reaction. RNA in lane 1 was obtained from
unstimulated cells.

different from that of untreated control cells (Fig. 3d),
possibly because of the elevated expression of p75 TNF-R
mRNA in PMA-induced cells (Fig. 2). Addition of
chloroquine to the cells caused increase of cell-associated
p55 and p75 TNF-R in a dose-dependent manner compared
with PMA-stimulated control cells (Fig. 3c, d). An MMP
inhibitor, BB-3103, induced a similar accumulation of
cell-associated receptor, although the inhibitory effect of
BB-3103 on soluble TNF-R release was more pronounced
compared with chloroquine. These results suggest that
chloroquine inhibits the conversion of the cell-associated
TNF-R to soluble ones, rather than blocking their synthesis.

Reduced cell surface expression of TNF-R in
chloroquine-treated cells

Our results show that chloroquine induces accumulation of
cell-associated TNF-R, while it reduces the production
of soluble TNF-R. These results suggest two possible
mechanisms for the action of chloroquine in the synthesis of
soluble TNF-R: (1) chloroquine may inhibit shedding of
TNF-R from the cell surface; or (2) chloroquine may block
normal trafficking of these molecules to the cell surface,
where shedding is presumed to occur. To test these possi-
bilities, we determined the cell surface level of TNF-R
by flow cytometry after 2 hr of PMA stimulation in the
presence or absence of chloroquine and other agents (Fig. 4).
As reported previously in other types of cell,'>?° PMA
induced rapid shedding of cell surface p55 and p75 TNF-R
in U-937 cells and reduced their surface levels to 26% and
7% of unstimulated control cells, respectively. Chloroquine
treatment did not prevent PMA-induced loss of cell surface
TNF-R, and further reduced their level, indicating that
chloroquine does not interfere with the shedding of TNF-R.
On the contrary, incubation of cells with BB-3103 resulted

in significant inhibition of both p55 and p75 TNF-R
shedding. The carboxylic ionophore monensin is a potent
protein secretion inhibitor that arrests proteins within the
Golgi complex by perturbation of the cellular Na*-K*
balance.*® Addition of monensin to U-937 cells depleted cell
surface expression of p55 and p75 TNF-R and the levels
were similar to those in chloroquine-treated cells.

Our finding that chloroquine does not prevent TNF-R
shedding in PMA-stimulated cells suggests that the partial
suppressive effect of chloroquine on soluble TNF-R release
occurs before TNF-R reaches the plasma membrane. We
thus tested whether chloroquine interferes with the trans-
port of TNF-R to the cell surface in unstimulated U-937
cells, where TNF-R is in equilibrium between spontaneous
shedding and transport from the intracellular organelles.
When U-937 cells were treated with chloroquine alone for
4 hr, surface p55 and p75 TNF-R were reduced to 31% and
57% of those of control cells (Fig. 5). The protein secretion
inhibitors, monensin and brefeldin A, which are known to
disrupt the function of Golgi complex,***! showed similar
degree of reduction in surface TNF-R. In contrast, the levels
of surface pS55 and p75 TNF-R were not significantly
decreased in cells treated with the MMP inhibitor BB-3103.

Weak-base amines, including chloroquine, are known to
inhibit functions of lysosomes and other acidic subcellular
compartments by accumulating in them and neutralizing
acidity by their weak-base properties.”>** To examine
whether this property of chloroquine is associated with
its inhibitory action in cell surface TNF-R expression, a
number of other weak-base amines were also tested. As
shown in Fig. 5, hydroxychloroquine, ammonium chloride
and methylamine commonly reduced cell surface pS5 and
p75 TNF-R to levels similar to that of chloroquine-treated
cells. The lysosomal proteinase inhibitor, leupeptin, devoid
of pH-elevating property, did not reduce surface TNF-R
expression. The amount of soluble TNF-R released into the
culture supernatant was also partially decreased by treat-
ment of cells with hydroxychloroquine, ammonium chloride
or methylamine but not by leupeptin, when measured by
ELISA (data not shown).

To examine whether chloroquine also suppresses cell
surface TNF-R expression in other cell type, monocytes
were isolated from human peripheral blood and their
TNF-R level was determined by flow cytometry after
incubation with chloroquine. In resting monocytes, levels of
p55 and p75 TNF-R on the cell surface were much lower
compared with U-937 cells. When the cells were incubated
with BB-3103 or PMA, the level of p75 TNF-R was elevated
significantly, whereas p55 TNF-R remained at low level
(Fig. 6a and data not shown). In resting cells, surface level
of p75 TNF-R was not altered by chloroquine (Fig. 6a).
Addition of BB-3103 to the cells induced 4-5-fold increase of
p75 TNF-R on the cell surface, and chloroquine partially
blocked this increase. This increase of cell surface p75
TNF-R was accompanied by reduced production of
soluble receptor in the culture medium, reflecting inhibition
of receptor shedding by BB-3103 (data not shown).
Stimulation of cells with PMA in the presence or absence
of BB-3103 also induced increase of cell surface TNF-R

© 2002 Blackwell Science Ltd, Immunology, 105, 83-91



Chloroquine down-regulates cell surface TNF receptors 87

(@)
700 ~
600
o)
8 500
k)
> 400
£
[any
W 300
=z
5
o 200
1o}
=Y
100
0
PMA - + + + + +
(m) 50 75 100 50
cQ BB
(©
160
2 120
9]
o
k)
>
£
e 80
T
z
'_
0
0
Q40
0
PMA - + + + + +
(M) 50 75 100 50
cQ BB

(b)
10000
@ 8000 -
9]
o
k)
5 6000 -
£
T
L 4000 -
'_
(2]
2
S 2000
PMA - + + + + +
(m) 50 75 100 50
cQ BB
(d)
1600
% 1200 -
@
o
k)
>
£ 800
o
1
P4
'_
2
S 400
0
PMA - + + + + +
(um) 50 75 100 50
cQ BB

Figure 3. Increase in cell-associated TNF-R by chloroquine. U-937 cells were incubated with indicated amounts of chloroquine
(CQ) or BB-3103 (BB) for 2 hr, and stimulated with PMA (10 ng/ml) for 24 hr. Cells were lysed in buffer containing 0-5%
NP-40, protease inhibitors and 5 mm EDTA. The levels of soluble pS5 TNF-R sTNF-R (a) and p75 sTNF-R (b) in the
culture supernatant and cell-associated p55 TNF-R (c) and p75 TNF-R (d) in the cell lysates were measured by ELISA.

Each value represents mean+SD (n=3).

expression, and chloroquine suppressed the increase by
more than 70%. Northern blot analysis showed that p75
TNF-R mRNA was not significantly induced by PMA up to
8 hr (Fig. 6b and data not shown). Densitometric measure-
ment of p75 TNF-R mRNA and control GAPDH mRNA
showed a dual effect of chloroquine on p75 TNF-R mRNA
level: chloroquine alone induced about 50% increase of
TNF-R mRNA, while cotreatment of cells with chloro-
quine and PMA reduced TNF-R mRNA to 60-70% of
PMA-treated control cells.

DISCUSSION

In this study, we examined the effect of chloroquine on the
biosynthesis and metabolism of TNF-R in PMA-stimulated

© 2002 Blackwell Science Ltd, Immunology, 105, 83-91

U-937 cells. Our results showed that chloroquine partially
blocked the release of soluble pS5 and p75 TNF-R (Fig. 1).
The inhibitory effect of chloroquine on the generation
of soluble TNF-R does not seem to occur at the transcrip-
tional step, since PMA-induced increase in p55 and p75
TNF-R mRNA was not altered by chloroquine (Fig. 2). In
chloroquine-treated cells, the reduction of soluble TNF-R
in the culture medium was accompanied by concomitant
increase in cell-associated TNF-R (Fig. 3). These results
suggest that the partial reduction of soluble TNF-R
release in chloroquine-treated cells was caused by inappro-
priate conversion of TNF-R to soluble form, rather than
suppression of TNF-R synthesis.

Flow cytometric analysis revealed that chloroquine does
not induce surface accumulation of p55 and p75 TNF-R
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Figure 4. Flow cytometry analysis of cell surface pS5 and p75 TNF-
R in PMA-stimulated cells. U-937 cells were stimulated with PMA
(10 ng/ml) for 2 hr in the absence or presence of chloroquine (CQ,
100 um), BB-3103 (BB, 50 pum) or monensin (MN, 5 um). The levels
of cell surface p55 and p75 TNF-R were analysed by immunostain-
ing of cells with goat anti-human p55 and p75 TNF-R antibodies,
respectively, followed by FITC-labelled rabbit anti-goat F(ab’),.
Results were expressed as a percentage of mean fluorescence
intensity of tested cells compared with that of unstimulated cells.
Each value represents the mean+SD of three independent
experiments (n=3).

(Fig. 4). When the shedding of TNF-R was accelerated
by treatment of cells with PMA, chloroquine reduced sur-
face TNF-R to a level that was lower than that of PMA-
treated cells. By contrast, the MMP inhibitor BB-3103
blocked the decrease in cell surface TNF-R in PMA-
stimulated cells. Chloroquine also decreased the surface
expression of TNF-R in unstimulated cells similar to a degree
observed with the protein secretion inhibitor monensin and
brefeldin A (Fig. 5). These results suggest that chloroquine
inhibits soluble TNF-R production by retarding the intra-
cellular trafficking of these molecules to the cell surface,
instead of blocking cleavage of TNF-R on the cell surface.
Chloroquine-induced down-regulation of cell surface
p75 TNF-R was also observed in human peripheral blood
monocytes incubated with PMA and/or BB-3103 (Fig. 6).
The inhibitory effect of chloroquine was not observed
in resting monocytes, possibly because of their low level
of TNF-R expression. When the receptor shedding was
blocked by BB-3103, cell surface p75 TNF-R increased
significantly, and chloroquine partially inhibited the
increase. In PMA-stimulated cells, cell surface p75 TNF-
R was also increased and it was blocked by chloroquine.
However, unlike in U-937 cells, PMA did not induce
increase of p75 TNF-R mRNA, nor it induced accelerated
shedding of TNF-R (Fig. 6b and data not shown). This
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Figure 5. Chloroquine down-regulates surface expression of p55
and p75 TNF-R on unstimulated cells. U-937 cells were treated with
chloroquine (CQ, 100 pum), monensin (MN, 5 pm), brefeldin A
(BFA, 5 pug/ml), BB-3103 (BB, 50 um), hydroxychloroquine (HCQ,
100 um), ammonium chloride (AC, 10 mwm), methylamine (MA,
10 mm) or leupeptin (LP, 250 uwm) for 4 hr. Cells were harvested and
surface TNF-R expression was analysed as described in Fig. 4. Plots
show the level of cell surface TNF-R expressed as a percentage
of mean fluorescence intensity of tested cells compared with that of
untreated, resting cells. Each value represents the mean+SD of
nine independent experiments (2=9) for p55 TNF-R and that of 12
independent experiments (n=12) for p75 TNF-R. The statistical
significance of differences was determined by the Mann—Whitney
test. *P <0-005.

result suggests that PMA enhances p75 TNF-R synthesis at
a post-transcriptional step in monocytes, although the
mechanism is not clear from our result. It was also shown
that chloroquine modulates p75 TNF-R mRNA level in
monocytes, increasing the level by 50% in resting cells, while
decreasing by 30-40% in PMA-stimulated cells (Fig. 6b).
This result suggests that chloroquine has a modulatory
effect on p75 TNF-R synthesis in addition to its effect on
cell surface expression of the receptor in human monocytes.

In our results, soluble TNF-R was produced from
chloroquine-treated cells (Figs 1 and 3), and chloroquine
did not induce accumulation of cell surface TNF-R in
PMA-stimulated cells (Fig. 4). Instead, the level of TNF-R
on chloroquine-treated cells was lower than that on the
control PMA-stimulated cells, suggesting that chloroquine
does not block shedding of TNF-R. This result indicates
that the effect of chloroquine on TNF-R metabolism is
different from that of MMP inhibitor BB-3103, which
blocks the shedding of TNF-R and induce retention of these

© 2002 Blackwell Science Ltd, Immunology, 105, 83-91
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Figure 6. Reduced expression of cell surface p75 TNF-R in
chloroquine-treated human peripheral blood monocytes. (a) Cells
were incubated with chloroquine (CQ, 100 um) for 2 hr, and
further incubated in the presence or absence of PMA (10 ng/ml)
and BB-3103 (BB, 50 um) for 16 hr. The level of cell surface p75
TNF-R was analysed by flow cytometry after staining with specific
antibody. Results were presented as a percentage of mean fluo-
rescence intensity of tested cells compared with that of resting
cells. Each value represents mean+SD (n=3) and the statistical
significance of differences between control and chloroquine-treated
cells was determined by Student’s z-test. *P <0-05. (b) Northern
blot analysis of p75 TNF-R mRNA in human monocytes. Cells
were pretreated with various agents as described in (a) and
incubated for 2 hr after PMA addition. Total RNA was used to
measure the levels of p75 TNF-R and control GAPDH mRNA
using DIG-labelled ¢cDNA probes. The result represents three
independent experiments.

molecules on the cells surface. Proteolytic shedding of
TNF-R in stimulated cells may be used as a way to
moderate the toxic effect of TNF by soluble receptor-
induced neutralization of TNF and by down-regulating
receptor-mediated signals from TNF. It was previously
shown that an MMP inhibitor exacerbated endotoxin- or
concanavalin A-induced hepatitis in experimental animals,
and administration of soluble TNF-R prevented these
hepatitis.*> The anti-inflammatory effect of TNF-R shed-
ding was also demonstrated in autosomal dominant
periodic fever syndromes, which are characterized by epi-
sodes of fever and severe localized inflammation.*® The
disease was associated with high levels of membrane p55
TNF-R, and diminished production of soluble receptors
due to mutations in the extracellular domain of p55 TNF-R.
In this regard, our result suggests that anti-inflammatory
effect of chloroquine appears through down-regulation of

© 2002 Blackwell Science Ltd, Immunology, 105, 83-91

cell surface expression of TNF-R and thus decrease in
receptor-mediated TNF signalling.

Our result shown in Fig. 5 demonstrates that the reduced
expression of TNF-R on the surface of chloroquine-treated
U-937 cells was also observed in cells incubated with other
weak-base amines. It was previously shown that weak-
base amines cause depletion of cell surface receptors for
plasma proteins such as mannosylneoglycoproteins and
ax-macroglobulin possibly by suppressing receptor-ligand
dissociation and receptor recycling by elevating endosomal
and lysosomal pH.**3*%7 It was also reported that the
total amount of cell-associated epidermal growth factor
receptor increases when lysosomal degradation of the
ligand-receptor complex is blocked by amines.>* However,
it seems unlikely that chloroquine-induced reduction of
cell surface TNF-R in PMA-stimulated U-937 cells is
due to receptor trapping after internalization, because
PMA largely induces receptor shedding from cell surface
instead of receptor internalization.'** Our results show
that the concentration of soluble p55 and p75 TNF-R in
the culture supernatant of cells incubated with PMA for
24 hr were 25-1 pm and 2085 pwM, respectively, while the
level of TNF produced was only 8-8 pm (Figs 1 and 3, and
data not shown). These results indicate that the majority of
TNF produced may bind to soluble TNF-R in the medium,
rather than induce internalization of TNF-R. In addition,
chloroquine-induced accumulation of TNF-R in cells may
not have been caused by inhibition of lysosomal protease,
since we could not observe such increase in cell-associated
TNF-R in cells treated with lysosomal protease inhibitor
leupeptin (data not shown). A previous study showed that
weak-base amines induce swelling of lipoprotein-containing
secretory vesicles and delay the secretion of lipoprotein.*®
A recent report indicated that acidity within the trans-Golgi
network is important in the delivery of a number of proteins
to the plasma membrane and in secretion.>* Chloroquine
and other weak-base amines are lysosomotropic in that, at
low concentrations, they selectively accumulate in the lyso-
some. Because chloroquine-induced suppression of TNF
receptor transport occurs at relatively high concentra-
tions, the target of chloroquine action seems to be acidic
compartments other than lysosomes, possibly trans-Golgi
network.

Chloroquine and its congener, hydroxychloroquine,
have been successfully used in the treatment of rheumatoid
arthritis.'®?° The therapeutic serum concentration of
chloroquine is reported to be 0:6-0-9 um in man at a
clinically safe dose.** However, the levels of chloroquine
in liver, spleen and leucocytes are much higher and found
to be between 100 and 300 um, a concentration range
that is higher than that at which we observed its effect in
U-937 cells. There is evidence that the anti-inflammatory
function of chloroquine is associated with its inhibitory
effect on TNF production in inflammatory cells.*'>* We
have shown here that chloroquine down-regulates surface
expression of TNF-R in U-937 cells and human mono-
cytes. These results suggest that chloroquine not only
suppresses the production of TNF but also inhibit TNF
signalling by reducing cell surface expression of TNF-R.
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